A fuller understanding of the social epidemiology of disease requires an extended description of the relationships between social factors and health indicators in a systematic manner. In the present study, we investigated the correlations between income and 330 indicators of physiological, biochemical, and environmental health in participants in the US National Health and Nutrition Examination Survey (NHANES) (1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006). We combined data from 3 survey waves (n = 249-23,649 for various indicators) to search for linear and nonlinear (quadratic) correlates of income, and we validated significant (P < 0.00015) correlations in an independent testing data set (n = 255-7,855). We validated 66 out of 330 factors, including infectious (e.g., hepatitis A), biochemical (e.g., carotenoids, highdensity lipoprotein cholesterol), physiological (e.g., upper leg length), and environmental (e.g., lead, cotinine) measures. We found only a modest amount of association modification by age, race/ethnicity, and gender, and there was no association modification for blacks. The present study is descriptive, not causal. We have shown in our systematic investigation the crucial place income has in relation to health risk factors. Future research can use these correlations to better inform theory and studies of pathways to disease, as well as utilize these findings to understand when confounding by income is most likely to introduce bias.
For the past century, results from studies in the United States have indicated that income and poverty are correlated with mortality (1) (2) (3) (4) , and this information has guided specific actions to improve health (2) . Over the past several decades, this work has been extended to examine correlations of income with other markers or indicators of health (5) (6) (7) (8) . Longitudinal studies have demonstrated that the correlation between income and health is bidirectional: There are ways in which health could impact income, and conversely income could impact health (9, 10) .
Although in the majority of these studies, investigators have reported analyses of 1 correlate at a time, there have been a few studies with a broader approach in which investigators examined how multiple health-related factors were associated with income (11, 12) . Associations with income varied substantially, even for factors with similar implications for health (12) . Because the literature is likely biased to present associations found to be statistically significant and to conform to prior beliefs of low income being associated with increased risk of worse health, the true extent of associations of infections, biochemical, physiological, and environmental factors with household income is unknown.
Another issue arises as to whether these correlations with income are modified by age, gender, or race/ethnicity. Associations between income and mortality have been shown to be stronger among persons aged 45-64 years than among those who are either younger or older (3) . In several studies, investigators have reported that income is more strongly associated with mortality and health outcomes among women than among men (13) (14) (15) (16) (17) (18) , particularly for measures of adiposity (19) (20) (21) . Many correlational studies of income and health present results stratified by race/ethnicity, and generally the associations are stronger among whites (6, 7, 22) . However, the extent to which these reflect true differences in correlation or instead are the result of multiple comparisons and selective publication of results remains unclear.
Social epidemiologic understanding of disease might benefit from systematic evaluation of correlations using environmentwide association studies (23) . This approach borrows from the genome-wide association study, which scans all common variants in the genome for association with a phenotype. Prior environment-wide association studies examined the associations of environmental factors with disease outcomes of interest, such as type 2 diabetes mellitus (23) , elevated blood pressure (24) , metabolic syndrome (25) , elevated cholesterol levels (26) , all-cause mortality (27) , and preterm birth (28) .
In the present analysis, we extended the methodology to examine whether income, a measure of socioeconomic position, was associated with a wide array of infectious, biochemical, physiological, and environmental factors. We tested whether there was an association between each factor and income. After controlling for multiple hypotheses, we validated significant findings in an independent sample to reduce the likelihood of spurious associations. We next investigated whether income had a nonlinear relationship with infectious, biochemical, physiological, and environmental exposure factors. Finally, we considered interactions between income and age, gender, and race/ethnicity.
METHODS

Study sample
In our analysis, we used data on participants from 4 waves of the continuous National Health and Nutrition Examination Survey Our analysis focused on the participants aged 1-65 years. We excluded persons older than 65 years of age because they are usually not working, and the income of those who are no longer working is less appropriate for capturing socioeconomic position (29) . The sample sizes were 7,433, 9,003, 8,242, and 8,785 for the 1999-2000, 2001-2002, 2003-2004, and 2005-2006 surveys, respectively. They were smaller than the overall sample sizes primarily because of the restricted age range of analysis. Sample sizes for each factor are presented in Web Table 1 (available at http://aje. oxfordjournals.org/).
Income measure
Total combined household income for the 12 months before survey included wages, salaries, income from selfemployment, veteran's benefits, interest dividends, rental income, and public assistance. We used a poverty income ratio to account for household size and defined it as the ratio of household income to the official US poverty line. The poverty income ratio was standardized (mean subtracted and divided by the standard deviation) and treated as a continuous linear variable. Because the top category of household income in NHANES is open-ended, households with a poverty income ratio greater than or equal to 5 (13% of the sample) were assigned a level of 5 in the survey. The distribution of poverty income ratio by year, gender, age, and race/ethnicity is shown in Web Figure 1 .
Infectious, biochemical, physiological, and environmental factor measures
We assessed 330 infectious, biochemical, physiological, and environmental factors (Web Table 1 ). We described the type of factors by category; however, we modeled each factor separately in analyses.
We assessed indicators of 31 infectious agents, 24 of which were bacterial and 7 of which were viral. Results for 26 of these assays were either positive or negative, and those for the other 5 were continuous (as indicated in Web Table 1 ). The 90 biochemical and physiological factors included 19 body measures, 2 blood pressure measures, 2 pulse/heart rate measures, 20 blood cell parameters, and 47 serum-or urine-based biochemical measures. This last group included indicators of metabolic or cardiovascular-related phenotypes (n = 12), liver function (n = 6), kidney function (n = 6), iron levels (n = 6), bone health (n = 2), acid/base status of blood (n = 5), prostate health (n = 3), and hormone levels (n = 2) (see Web Table 1 for all factors).
The remaining factors included 209 environmental exposure markers, such as environmental chemicals and nutrients assayed from serum and urine. These included a serum marker of nicotine metabolism, 7 types of dioxins, 10 furans, 27 heavy metals, 21 hydrocarbons, 18 nutrients, 35 polychlorinated biphenyls, 24 pesticides, 13 phthalates, 6 phytoestrogens, and 25 volatile compounds.
Statistical analysis
A graphical overview of the statistical approach is shown in Web Figure 2 . We first separately modeled each of the 330 factors as a dependent variable in a regression model in which income was an independent variable for each of the training surveys (1999-2000, 2001-2002, and 2005-2006) . To model continuous factors, we used survey-weighted linear regression. Continuous biomarker factors that had a right-skewed distribution were log-transformed and z-standardized as previously described (23, 26) . To model the 26 infectious agent factors that were binary variables, we applied survey-weighted logistic regression. We adjusted all models for age, gender, and race/ ethnicity (black, white, Mexican-American, or other).
For each factor, we obtained a single association size and P value for the training data using a random-effects synthesis. We also calculated the I 2 estimate of heterogeneity for each of the validated factors.
We used the Bonferroni correction to adjust for multiple hypotheses in the training data, a conservative approach to mitigating false-positive associations with a significance threshold of P = 1.5 × 10 −4 (= 0.05/330 total tests). We attempted to validate the significant associations found in the training surveys in the data from the 2003-2004 survey wave (using a validation P value threshold of 0.05 and association sizes in the training and validation sets of either greater than 0 or less than 0). For validated associations, we computed an overall randomeffects synthesis estimate and P value. We also conducted a sensitivity analysis by repeating the analyses using Holm's method of adjustment for multiple comparisons (30) .
Second, we determined whether there was a nonlinear (quadratic) association with income by adding an income-squared term to each of the 330 models. We observed the P values and association sizes for the coefficient that represented the income-squared term to infer the presence of possible quadratic associations between income and the 330 infectious, biochemical, physiological, and environmental variables. Quadratic associations were deemed significant after multiplicity control (P < 0.05/330 = 1.5 × 10 Third, we determined whether the associations between income and the 330 variables interacted with gender, MexicanAmerican or black race/ethnicity, and age group. We modeled the interaction with a multiplicative term between the income variable and an indicator variable for gender, MexicanAmerican race/ethnicity, or black race/ethnicity. To examine interactions for age, we categorized age into the following groups: 1-18, 19-44, and 45-65 years, and we tested for interactions with the youngest and oldest age categories. When examining interactions between race/ethnicity or gender and income, we retained continuous age, gender, and other race/ ethnicity categories as the main covariates in the model. For models in which we examined the interactions between age groups and income, we retained the other age groups, gender, and race/ethnicity in the models. We observed the P values and association sizes for the coefficient that represented the interaction to infer the presence of statistical interactions of gender, race/ethnicity, and age group with income. Interactions that were deemed significant after multiplicity control (P < 0.05/ 330 = 1.5 × 10 −4 ) were validated in the 2003-2004 survey data (P < 0.05). We also examined factors that had opposite associations in the compared groups (e.g., positive in males and negative in females). We used the survey package in R for all analyses and accounted for cluster pseudostrata, pseudosampling units, and participant weights to accommodate the complex sampling of the data (31) .
Finally, we assessed the nonparametric correlations among validated factors. Specifically, we computed biserial correlations between binary factors and Spearman correlation coefficients when considering quantitative factors. We visualized these pairwise correlations in a heat map and arranged the factors using a hierarchical clustering algorithm (32) as previously described (24) .
RESULTS
Systematic scan of linear correlations with income
We found income to be significantly correlated (P < 1.5 × 10 −4 ) with 83 (25%) of the 330 environmental or clinical variables in the training surveys (Web Figures 3 and 4) . The distribution of observed training set P values deviated from the expected P value distribution of no correlation (Web Figure 4) . Of these 83 variables, 66 had a P value less than 0.05 in the independent verification survey (2003) (2004) . Of these 66 variables, 23 were positively correlated with income (e.g., higher levels of income were correlated with higher levels of the variable), whereas 43 were negatively correlated with income (Web Figure 3) . Web Table 2 lists the associations of all variables with income. a Measured using graphite furnace atomic absorption spectrometry. Table 1 shows the overall combined meta-analytic association sizes and P values for the 23 variables that were positively associated with income. Nine of the 23 positive associations were for nutrition components, including trans-and cis-β-carotene, α-carotene, folate, and trans-lycopene. Income was also positively associated with several physical environmental factors, including heavy metal (mercury), 4 types of fluorinated compounds (including perfluorohexane sulfonic acid), and 2 body measures (upper leg length and bone mineral density).
Income was negatively associated with 43 of the 66 validated factors (Table 2, Web Table 2 ). Eleven of these are known clinical risk factors for morbidity and mortality, including the following indicators of cardiovascular and metabolic health: blood glucose level, glycohemoglobin level, pulse rate, C-reactive protein concentration, triglyceride level, and white blood cell count. Another validated association included that of income with cotinine, a metabolite of nicotine. Income was also negatively correlated with presence or amount of 5 viral agents, including indicators of hepatitis A and herpes 1 and 2. Income was negatively correlated with exposure to physical chemical agents, including blood benzene, cadmium, lead, blood toluene, fluorene, and styrene. The sensitivity analysis using Holm's method resulted in the identification of 1 additional factor that was negatively correlated with income-urinary cobalt.
We discovered evidence of heterogeneity in correlations (measured using I 2 ) across waves of data. For 1 of the validated factors (blood styrene), the estimate was between 75% and 100% (very large heterogeneity); for 5 factors (triglycerides, glycohemoglobin, red cell distribution width, γ-tocopherol, urine cadmium), it was between 50% and 75% (large heterogeneity); and for another 6 factors, it was between 25% and 50% (moderate heterogeneity) (Web Table 3 ). For the 5 factors for which P < 0.05 using the I 2 statistic, we present forest plots of the associations by wave of data with the randomeffect synthesis estimate (Web Figures 5-9 ). Given the limited number of data sets, we cannot exclude the possibility that some heterogeneity might exist even for factors that have low or even 0% estimates of I 2 .
Quadratic income associations with environmental and clinical factors
We estimated correlations between income-squared and the 330 infectious, biochemical, physiological, and environmental factors. Income had positive quadratic relationships with serum cis-β-carotene, trans-β-carotene, and total mercury (Web Table 4 ). The coefficients for the quadratic and linear terms were similar for all 3 factors, indicating that the levels of serum cis-and trans-β-carotene and total mercury have a convex relationship with income that deviates from linearity at higher income levels (1 to 2 standard deviations away from the mean) more so than at lower incomes (−1 to 2 standard deviations from the mean).
Interactions between income and age, gender, and race/ethnicity
We found 17 interactions for gender, 13 of which were with body measures (Figure 1A ), including weight, body mass index (weight (kg)/height (m) 2 ), waist circumference, thigh circumference, calf circumference, lumbar bone mineral density, total fat mass, total lean fat minus bone mineral content, upper leg length, height, and skinfold thickness. In women, there were more negative associations between income and adiposity-related measures.
A total of 13 factors had different correlations by age group (Figure 1B and 1C) . For example, income had more positive correlations with trans-β-carotene, lutein/zeaxanthin, and total mercury in participants older than 18 years than in those younger than 18 years ( Figure 1B) .
We found 12 factors that had stronger associations in Mexican-American participants ( Figure 1D ) than in nonMexican-American participants. For example, hepatitis A antibody was more strongly negatively correlated with income in Mexican Americans than in non-Mexican Americans (Figure 1D) . There was also a much greater negative association between income and cotinine for non-Mexican Americans. Of the 330 factors we examined, there were none for which associations were found in black subjects but not non-black subjects.
Correlation pattern among validated infectious, biochemical, physiological, and environmental factors
We assessed the correlations among each of the variables that were correlated in the training surveys (n = 83) and the adjustment variables (n = 6) and observed that there were many modest correlations among the 3,916 correlations computed (Web Figure 10) . Approximately two thirds of the correlations (2,468; 63%) were significant at the Bonferroniadjusted α = 0.05 level. The 5th to 95th percentile range of the absolute value of ρ was 0.006-0.42 (interquartile range, 0.03-0.15; median, 0.08; Web Figure 10 ). The 5th and 95th percentile of correlations that were significant had absolute values of 0.04-0.51 (interquartile range, 0.07-0.20; median, 0.11). As documented in prior environment-wide association studies (26, 33) , there were significant correlations between environmental chemical or nutrient factors belonging to the same group, such as fluorinated compounds, volatile organic compounds, hydrocarbons, and carotenoid nutrients.
DISCUSSION
After accounting for multiple hypotheses and replicating the results in a separate sample, we found a substantial number of correlations between income and infectious, biochemical, physiological, and environmental factors in the United States from 1999 to 2006. These correlations were calculated in models that took into account age, gender, and race/ethnicity and thus were unlikely to be driven by these factors. In tests for linear correlations, 83 out of 330 factors were significant at the Bonferroni-level of significance, and 66 of these factors were validated in our test sample. Although not universal, our results demonstrate the dense correlation pattern that ties income to infectious, biochemical, physiological, and environmental factors. Of particular note were associations with dietary micronutrients and contaminants from physical environmental factors, as well as with infectious agents. We also found a small number of interactions of income with gender, age, and Mexican-American race/ethnicity; many of the associations were with anthropometric factors. We found no association modification by black race/ethnicity. Our approach is a systematic alternative to analyses of income in which 1 or a few factors are reported at a time. Our findings are useful in providing direction for future studies of the causes of income-based socioeconomic differentials in health. Although causal studies of income effects are a challenge, there are some opportunities for the examination of policies that change income (34) (35) (36) , as well as studies that provide randomized income supplementation (37, 38) . Given the dense correlation pattern of income with many factors, randomized or quasirandomized studies are likely to be a more reasonable approach to isolating associations of household income with health. Our findings also address the fact that prior literature on income and health is subject to publication bias, which can give the impression that income is associated with all risk factors for disease rather than a particular subset of factors as we have demonstrated.
Our analyses have limitations. The estimated coefficients should not be interpreted as estimations of causal effects. Although we adjusted for age, race/ethnicity, and gender, a large number of other potential confounders are likely, such as parental educational level, wealth, and measures of the physical environment (39) . Income is not randomly assigned to households, and some of the correlates examined might have effects on income. We cannot identify the directionality of correlations using cross-sectional data, and there have been a number of prior studies that demonstrated how healthrelated factors might influence income level (10) . Spurious associations with false-positives due to confounding and other reasons are a concern even for associations that have been validated across several time periods and that pass significance thresholds regardless of the stringency of adjustment. Our analyses allow these associations to be seen in context by examining how strong they are (in the distribution of effect sizes noted in this field) (33), how much heterogeneity exists across time periods, and how they correlate with other variables. A further limitation is that income was assessed only at a single time point (40) . Unfortunately, previous studies that had higher-quality measures of income did not have comprehensive measures of health-related risks. Income was capped at 5 times the poverty line. However, given current evidence that suggests that the strongest associations of income with biomarkers and mortality are across the lower half of the income distribution (3, 15) , it is unlikely that this truncation has a meaningful effect on our findings. It is also important to acknowledge that the income associations are but a snapshot of associations in 1 country over a relatively short period of time (41, 42) . Finally, we used Bonferroni adjustment to account for the influence of testing for multiple associations, although there are other potentially less conservative approaches, including false discovery rate (43) and Holm's method (44) . Using Holm's method sensitivity analysis resulted in the identification of only 1 additional factor-urinary cobalt.
We present these analyses as a useful first step toward comprehensively understanding the ways in which a specific social variable, household income, is correlated with factors that might be related to disease. There are several ways in which the present analysis can advance studies of social determinants of health and epidemiologic practice more generally. First, we confirmed previous correlational findings on the associations of income with environmental measures, biomarkers, and anthropometric measures, such as blood lead (45) , cadmium (46) , high-density lipoprotein cholesterol (15) , and C-reactive protein (47) . Within the factors examined, a number of domains stand out, including dietary factors and environmental factors. Second, some of these findings are new contributions to the literature or reinforce findings from small convenience samples. We found strong and consistently negative associations between income and polycyclic aromatic hydrocarbons (e.g., fluorene), which support findings from a prior 2-home pilot study (48) . Nutritional biomarkers, such as carotenoids, have previously been correlated with socioeconomic differences (49) .
Our analysis of potential interactions between income and gender, age, and race/ethnicity was done based on prior work that suggested that income associations were greater among persons aged 45-64 years (3) and women (13) (14) (15) (16) (17) (18) and that associations were stronger among whites (6, 7, 22) . We found specific support for the hypothesis that associations of income with anthropometric measures were generally more negative and stronger in women. In contrast, we found little support for generally different associations between the ages of 1-64. Perhaps in strongest contrast to prior work, we found no differences in income associations between blacks and non-blacks, which suggest that household income correlates with health risk factors in a similar way in each group.
For more general epidemiologic practice, our findings suggest that these might be factors for which associations with health outcomes (e.g., mortality) might be particularly susceptible to confounding by income. Thus, a further application of our findings is to inform when controlling specifically for income as a potential confounder might be particularly important. The strongest positive association with income that we observed in our data was with β-carotene. It is perhaps not coincidental that there are large differences between the positive findings in observational studies of β-carotene, cardiovascular disease, and cancer and subsequent null and reversed findings in randomized trials (50) . The ubiquity of associations between environmental contaminants and income also raises cautions for researchers interested in studies of particular environmental factors because our findings suggest that confounding by level of household income might be substantial. As noted previously, many studies control for only a single measure of socioeconomic position (e.g., educational level), and additional control for income might reduce bias (42) .
Our findings provide comprehensive evidence for the long-recognized critical importance of the association between income and health. Compared with prior environmentwide association studies, income appears to be more crucial in our study than other factors that have been examined, such as lipid levels, diabetes, and mortality (23, 26, 27) . Our correlations suggest that traditional methods of covariatecontrolled statistical analysis of observational data might make it difficult to obtain causal estimates of the association of income with health. These determinations support the need to emphasize alternative approaches in social epidemiology (51, 52) .
